Standard test evaluation of graphite fiber/resin matrix composite materials for improved toughness by Chapman, Andrew J.
I *  
. 
NASA Technical Memorandum 86298 
97755- 
STANDARD TEST EVALUATION 
OF GRAPHITE FIBER/RESIN MATRIX 
COMPOSITE MATERIALS 
FOR IMPROVED TOUGHNESS 
(BASA-Tfl-85248) S I A N Z A B D  3ES'I EVALUATICN OF 167-2e6 18 
6IiALPHITE FIEEE/PESII EATBIX CCLlECSlTE 
l J A l E R I A L h  FOE X U E E O V E C  ' Z O U G E B E 5 S  (NASA) 51  
& Avail: NlIS EC AO41BP A C 1  CSCL 11D Unclas  
G3/24 0097755 
ANDREW J .  CHAPMAN 
SEPTEMBER 1984 
. ,  . 
,: . *  , L .  
. .  - 5  
- ., 
.I . . , - . .  
. .  .: . .... 
i 'J 
. * . L. 
* - - e  
*: 
. *. . .  
releare will be three (3) y e a r s  from date indicated on 
the document. 
National Aeronautics and 
Space Administration 
Langley Research Center 
Hampton, Virginia 23665 
https://ntrs.nasa.gov/search.jsp?R=19870019185 2020-03-20T10:16:54+00:00Z
INTRODUCTION 
Composite s t r u c t u r e s  technology f o r  l a r g e  t r a n s p o r t  a i rcraf t  has  been 
under  development for  s e v e r a l  years through c o n t r a c t s  sponsored by t h e  NASA 
A i r c r a f t  Energy Eff ic iency  (ACEE) Project Off ice .  Secondary and empennage 
composite components, developed t o  replace metal s t r u c t u r e s  on e x i s t i n g  t r ans -  
port  a i r c r a f t ,  have demonstrated weight r educ t ion  of 20 to  28 percent .  The 
s u c c e s s  of t he  NASA sponsored programs has  encouraged manufacturers to apply 
composite s t r u c t u r e s  i n  numerous components of t h e i r  new genera t ion  t r a n s p o r t  
a i r c r a f t .  To t r a n s l a t e  t he  weight s a v i n g  p o t e n t i a l  of composites i n t o  s i g n i f -  
i c a n t  i nc reases  i n  a i r c r a f t  opera t ing  e f f i c i e n c y ,  NASA is c u r r e n t l y  Sponsoring 
programs wi th  t h e  commercial t r a n s p o r t  manufacturers  t o  develop the  technology 
d a t a  base requi red  to  des ign  and bui ld  composite wing and fuse l age  s t r u c -  
t u r e s .  However ,  r e a l i z i n g  the  f u l l  p o t e n t i a l  of composites i n  s t r e n g t h  
cr i t ical  des igns  of t r a n s p o r t  wing and fuse l age  s t r u c t u r e s  may depend upon 
improvements i n  c u r r e n t  material s y s t e m s  t o  achieve  h ighe r  des ign  s t r a i n s  (see 
refs. 1 and 2). A s i g n i f i c a n t  e f f o r t  is underway by both NASA and the 
material s u p p l i e r s  t o  improve d u c t i l i t y  and i n t e r l a m i n a r  toughness, y e t  r e t a i n  
o t h e r  d e s i r a b l e  f e a t u r e s  such as mechanical p r o p e r t i e s ,  p r o c e s s a b i l i t y ,  and 
environmental  s t a b i l i t y .  
To promote sys t ema t i c  eva lua t ion  of t h e  evolv ing  new materials, NASA and 
the commercial t r a n s p o r t  manufacturers have s e l e c t e d  and s tandard ized  a se t  of 
f i v e  common tests f o r  cha rac t e r i z ing  t h e  toughness of r e s i n  mat r ix /graphi te  
f i b e r  composites. Procedures and s p e c i f i c a t i o n s  for these  tests are desc r ibed  
i n  r e f e r e n c e  3. Notch s e n s i t i v i t y  is eva lua ted  through open ho le  t e n s i o n  and 
open h o l e  compression tests. Impact damage t o l e r a n c e  is eva lua ted  through 
compression tests fo l lowing  impact a t  a s e l e c t e d  energy leve l .  Resistance t o  
de laminat ion  is eva lua ted  through tens ion  edge-delamination tests and double  
c a n t i  l e v e r  b e a m  tests. 
Th i s  report summarizes s tandard t es t  r e s u l t s  from t e n  toughened 
r e s i n / g r a p h i t e  f i b e r  materials. The tests were performed by the t r a n s p o r t  
manufacturers  on t h e i r  i n i t i a l  s e l e c t i o n  of newer, toughened r e s i n  compo- 
sites. S e l e c t i o n  of these mater ia l s  does n o t  r e p r e s e n t  an endorsement of, or 
commitment t o  use  any particular material. 
TESTS AND MATERIALS 
S p e c i f i c a t i o n s  f o r  t h e  s tandard tests are desc r ibed  i n  d e t a i l  i n  r e f e r -  
ence 3. Each s p e c i f i c a t i o n  includes specimen dimensions, laminate  o r i e n t a -  
t i o n ,  test appara tus ,  t es t  procedure, and requirements  f o r  r e p o r t i n g  data .  
The s t anda rd  tests are listed with a d e s c r i p t i o n  of t h e  specimens i n  
table 1. Specimen conf igu ra t ions  are shown i n  f i g u r e  1. 
The composite materials are l i s t e d  i n  table 2 which i d e n t i f i e s  the  r e s i n  
mat r ix ,  t h e  r e i n f o r c i n g  g r a p h i t e  fiber, and t h e  company performing the test. 
Each company, i n  gene ra l ,  evaluated t h e i r  choice  of one or two materials. 
However, i n  some cases it w a s  n o t  possible to  s u b j e c t  every  material to  t h e  
complete a r r a y  of tests. 
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RESULTS 
Resul t s  of t he  f i v e  s tandard  t e s t s  are p resen ted  i n  t a b l e s  3 through 7. 
Performance of  materials i n  each t es t  is compared i n  f i g u r e s  2 through 7. The 
materials evaluated f o r  improved toughness are compared wi th  a widely used 
composite material, AS4/3502, which r e p r e s e n t s  a b a s e l i n e  f o r  i n d i c a t i n g  
improvements i n  performance. 
Open H o l e  Tension (ST-3) 
Resul t s  of open ho le  t ens ion  tests are p resen ted  i n  table 3, and average  
va lues  of s t r a i n - t o - f a i l u r e  are compared i n  f i g u r e  2. The h i g h e s t  open-hole- 
t ens ion  f a i l u r e  s t r a i n s  were obta ined  f o r  CHS/5245 and AS6/5245. Each of 
t h e s e  materials combined a high s t r a i n  f i b e r  w i t h  t h e  5245 bismaleimide r e s i n  
system. Tension f a i l u r e  s t r a i n s  f o r  t hese  materials w e r e  8300 to  8360 micro- 
s t r a i n ,  which represents  a 37 pe rcen t  improvement over  t h e  b a s e l i n e  AS4/3502. 
Four mater ia l s  f a i l e d  a t  t ens ion  s t r a i n s  between 7300 and 7800 micro- 
s t r a i n  which represent  21 t o  30 pe rcen t  improvement over  t h e  base l ine .  Three 
of these mater ia l s ,  CHS/1504, AS6/2220-3, and AS4/2220-3, w e r e  modified 
epoxies  wi th  higher  s t r a i n  CHS or AS6 f i b e r s ,  or in t e rmed ia t e  s t r a i n  AS4 
f i b e r s .  The four th  material i n  t h i s  group combined AS4 f i b e r s  w i t h  5245 
bismaleimide resin.  The remaining t h r e e  materials f a i l e d  a t  s t r a i n s  between 
6100 and 6700 micros t ra in  which r ep resen t  no more than an 11 p e r c e n t  improve- 
ment over  t h e  baseline.  
Open H o l e  Compression (ST-4) 
R e s u l t s  of open-hole compression tests are p resen ted  i n  t a b l e  4 and 
average  va lues  of s t r a i n - t o - f a i l u r e  are compared i n  f i g u r e  3. The h i g h e s t  
open-hole compression s t r a i n  w a s  ob ta ined  f o r  AS4/5245 which combined t h e  
in t e rmed ia t e  s t r a i n ,  l a r g e r  diameter  AS4 f i b e r  w i th  5245 r e s i n .  Compression 
f a i l u r e  s t r a i n  for  t h i s  material averaged s l i g h t l y  h ighe r  than 7000 micro- 
s t r a i n  which represents  a 53 p e r c e n t  improvement ove r  t h e  b a s e l i n e  AS4/3502. 
Compression tests of two o t h e r  materials, AS4/2220-3 and CHS/2566, 
r e s u l t e d  i n  s t r a i n s - t o - f a i l u r e  between 5700 and 6000 m i c r o s t r a i n  which repre- 
s e n t  25 to  29 percent  improvement over  t he  base l ine .  Although AS6/5245 exhib-  
i t e d  t h e  h ighes t  t ens ion  s t r a i n  level of t h e  materials t e s t e d ,  compression 
s t r a i n  t o  f a i l u r e  of this material r ep resen ted  only  an 8-percent improvement 
over  t h e  baseline. 
The h ighes t  notched t ens ion  and compression properties w e r e  ob ta ined  w i t h  
materials conta in ing  5245 bismaleimide r e s i n  system. The h i g h e s t  notched 
t e n s i o n  properties were obta ined  w i t h  h igh  s t r a i n - t o - f a i l u r e ,  s m a l l  d iameter  
CIjS and AS6 f i b e r s ,  while  the h i g h e s t  notched compression properties w e r e  
ob ta ined  w i t h  l a rge r  diameter  i n t e rmed ia t e  s t r a i n  AS4 f i b e r s .  These materials 
exhibited 37 percent  improvement over the b a s e l i n e  i n  t e n s i o n  tests and 
53  p e r c e n t  improvement i n  compression. 
both t ens ion  and compression, AS4/2220-3, combined in t e rmed ia t e  s t r a i n  AS4 
fibers wi th  a modified epoxy system. This  material e x h i b i t e d  a 30 p e r c e n t  
improvement over the b a s e l i n e  i n  t ens ion  and a 25 p e r c e n t  improvement i n  
compression. 
&e material which performed w e l l  i n  
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Compression A f t e r  Impact (ST- 1 
. 
Compression after impact test r e s u l t s  are presented  i n  table 5. The 
s t a n d a r d  t es t  impact energy spec i f i ed  i n  r e fe rence  3 is 20 f t - l b ,  however, 
s e v e r a l  materials were sub jec t ed  t o  impact e n e r g i e s  from 20 to 42 f t - l b  before 
compression tests. Compression f a i l u r e  s t r a i n  a f t e r  impact a t  20 f t - l b  is 
compared i n  f i g u r e  4. The h i g h e s t  s t r a i n - t o - f a i l u r e  w a s  exh ib i t ed  by 
AS4/2220-3 which f a i l e d  a t  6370 micros t ra in ,  a 58 p e r c e n t  improvement over  t h e  
baseline AS4/3502. Four o the r  ma te r i a l s ,  AS6/5245, AS4/5245, CHS/2566, and 
C/982, f a i l e d  a t  s t r a i n  l e v e l s  between 5257 and 5350 m i c r o s t r a i n  which repre- 
s e n t  31 to 33 pe rcen t  improvement over the  base l ine .  
The comparatively high compression a f t e r  impact performance of several 
materials, inc lud ing  AS4/2220-3, AS4/5245, and CHS/2566, is c o n s i s t e n t  wi th  
good performance i n  notched tension and compression tests. However, s e v e r a l  
o t h e r  materials which performed well  i n  compression a f t e r  impact tests, such 
as AS6/5245 and C/982, d i d  n o t  perform w e l l  i n  both notched t ens ion  and 
notched compression tests. I n  general ,  it would appear t h a t ,  whi le  
compression a f t e r  impact performance of s e v e r a l  materials w a s  c o n s i s t e n t  w i th  
r e s u l t s  from notched laminate  tests, the notched laminate  t es t  r e s u l t s  a l o n e  
d i d  n o t  c l e a r l y  i n d i c a t e  which materials would have s u p e r i o r  compression a f t e r  
impact performance. 
Impact damage area r e s u l t i n g  from 20 f t - l b  impact energy is  compared i n  
f i g u r e  5. Damage area w a s  measured by u l t r a s o n i c  through t ransmiss ion  
(C-skan) . The materials sus t a in ing  t h e  smallest damage area, AS4/2220-3, 
AS4/5245, CHS/2566, and AS6/5245, a l so  e x h i b i t e d  h igh  compression a f t e r  impact 
performance as shown i n  f i g u r e  4. mo materials, CHS/1504 and CHS/5245, 
s u s t a i n e d  greater damage than  the b a s e l i n e  AS4/3502 a l though compression a f t e r  
impact performance of both mater ia l s  w a s  h ighe r  than  the base l ine .  
Deta i led  s t u d i e s  of damage to le rance  of composites are repor t ed  i n  r e f e r -  
ences  4 through 6. 
Edge Delamination Tension (ST-2) 
The edge delaminat ion tension test  (ST-2) measures the t o t a l  s t r a i n -  
energy-re lease  rate f o r  delamination onse t ,  G, which i n c l u d e s  components due 
to in t e r l amina r  or peel stress, GI, and i n t e r l a m i n a r  shea r  stress, GTl. An 
a n a l y s i s  for  determining s t ra in-energy-re lease  rate from edge delaminat lon 
t ens ion  tests is descr ibed  i n  re fe rence  7. Fur ther  i n v e s t i g a t i o n s  us ing  this 
t e s t  are descr ibed  i n  r e fe rences  8 and 9. Resu l t s  of t h e  edge de laminat ion  
t ens ion  tests are presented  i n  tab le  6. Two d i f f e r e n t  laminate  o r i e n t a t i o n s  
w e r e  t e s t ed :  
(f35/0/90) laminate.  The r e l a t i v e  i n t e r l a m i n a r  t e n s i o n  component, GI, and 
in-plane shea r  component, GII, are  dependent on laminate  o r i e n t a t i o n  and have 
been determined f o r  t hese  two laminates us ing  f i n i t e  element a n a l y s i s  
(ref. 8 ) .  For the  [ (*30)2 /90 /z l s  laminate ,  GI is approximately 57 percent 
of  G, and for the  [f35/0/901, laminate,  GI i s  approximately 90 p e r c e n t  
an  eleven-ply [ ( f30)2/90/w1s laminate ,  and an  e ight -p ly  
of G. 
3 
The to ta l  c r i t i ca l  s t r a in -ene rgy- re l ease  rate, G, is d i r e c t l y  propor- 
t i o n a l  to the  s t r a i n  a t  delaminat ion o n s e t  which is compared f o r  t he  materials 
t e s t e d  i n  f igu re  6. Four materials e x h i b i t e d  s u p e r i o r  r e s i s t a n c e  to  delami- 
na t ion ;  these were CHS/1504, CHS/5245, AS4/2220-1, and 5 m i l  lamina T300/914. 
The use  of 5 mil th ickness  prepreg  tape i n s t e a d  of 10 m i l  t h i ckness  dramati-  
c a l l y  improved delaminat ion r e s i s t a n c e  of T300/914. The r e l a t i v e  performance 
of  materials was the  same f o r  t he  two lamina te  o r i e n t a t i o n s .  
The in te r laminar  f r a c t u r e  toughness energy,  Gc, is the  cr i t ical  va lue  of 
t h e  s t ra in-energy-re lease  rate requ i r ed  to  i n i t i a t e  de laminat ion  (ref. 7)  a t  
the  delamination onse t  s t r a i n  shown i n  f i g u r e  6. Values of Gc, c a l c u l a t e d  
accord ing  t o  the procedures descr ibed  i n  r e f e r e n c e s  3 and 7, are compard i n  
f i g u r e  7. The r e l a t i v e  ranking of Gc i n  f i g u r e  7 correspond to  those i n  
f i g u r e  6 f o r  delamination o n s e t  s t r a i n .  The component of i n t e r l amina r -  
f racture- toughness  due t o  peel stress, GIc, is also shown i n  f i g u r e  7. The 
GIc components f o r  t h e  two lamina tes  compare c l o s e l y  f o r  a l l  materials, 
excep t  CHS/5245, which exh ib i t ed  the h i g h e s t  Gc values .  
- 
Double Can t i l eve r  B e a m  (ST-5) 
The double c a n t i l e v e r  beam tes t  provides  a d i r e c t  measure of the  s t r a i n -  
This test is descr ibed  i n  r e fe rence  3 as ST-5. A development of the 
energy-release rate component due t o  i n t e r l a m i n a r  t ens ion  or peel stress, 
GI. 
under ly ing  ana lys i s  f o r  t h i s  t es t  toge the r  w i t h  exper imenta l  r e s u l t s  is 
presented  i n  re ference  10. Resul t s  f o r  double c a n t i l e v e r  beam tests, which 
have been completed f o r  only t h r e e  materials, are p resen ted  i n  table 7. 
In t e r l amina r  f r a c t u r e  toughness values  due to peel stress, GI, determined 
from t h e  double c a n t i l e v e r  beam test d a t a ,  are compared i n  f i g u r e  7 wi th  
va lues  ca l cu la t ed  from the edge delaminat ion t e n s i o n  tests. For CHS/5245, 
t h e  
ag ree  c l o s e l y .  Discrepancies  between double c a n t i l e v e r  beam and edge 
de laminat ion  t e s t  r e s u l t s ,  such as shown by t h e  AS4/2220-3 d a t a ,  are d i scussed  
i n  r e fe rences  8 and 11. C o m p l e t e  d a t a  are, a t  p re sen t ,  n o t  a v a i l a b l e  t o  
compare r e s u l t s  of these two tes t  methods f o r  a l l  materials r ep resen ted  i n  
this report. 
GI 
GI values  from double c a n t i l e v e r  b e a m  tests and edge de laminat ion  tests 
I n t e r  laminar F rac tu re  Toughness 
A comparison of compression f a i l u r e  s t r a i n  af ter  impact ( f i g .  4 )  w i th  
i n t e r l a m i n a r  f r a c t u r e  toughness ( f i g .  7) shows lower impact performance for 
materials having h igher  i n t e r l amina r  f r a c t u r e  toughness. Poor c o r r e l a t i o n  
between the two tes t s  may be due t o  t h e  d i f f e r e n c e  i n  t h e  properties i n t e r -  
rogated.  Impact damage and r e s u l t i n g  r educ t ion  i n  compression properties are 
c o n t r o l l e d  by f i b e r  as w e l l  as ma t r ix  p r o p e r t i e s .  
laminate  tests and tests a f t e r  impact show a s t r o n g  dependence on the  type pf . 
fiber used i n  a g iven  r e s i n  system. 
tests, and e s p e c i a l l y  the double c a n t i l e v e r  beam tests, are p r i m a r i l y  
e v a l u a t i o n s  of r e s i n  p rope r t i e s .  
Resu l t s  of t h e  notched 
Conversely,  t h e  edge de laminat ion  t ens ion  
4 
CONCLUDING REMARKS 
Ten r e s i n  matrix/graphite f ibe r  composite materials have been evaluated 
f o r  improved toughness using a s e r i e s  of f i v e  s tandard tests selected by NASA 
and the commercial aircraft  manufacturers. These tests evaluated open hole  
t ens ion  and compression performance, compression performance after impact a t  
energy l eve l s  of 20 ft- lb,  and res i s tance  t o  delamination. Performance w a s  
eva lua ted  by comparison with a widely used composite system, AS4/3502. 
Resul ts  of these tests may be summarized as follows: 
1. Materials containing 5245 bismaleimide r e s i n  matrix exhibited super ior  
performance i n  notched tension and compression tests. These materials 
exhib i ted  super ior  notched tension performance when combined with high s t r a i n  
AS6 or Celion f i b e r s ,  and were superior i n  compresssion when combined with 
intermediate  s t r a i n  AS4 fibers. Notched tension performance of AS6/5245 and 
CHS/5245 w a s  37 percent  higher than the  base l ine  material, AS4/3502. Notched 
compression performance of AS4/5245 w a s  53 percent  higher  than the  base l ine .  
2. A material cons is t ing  of 2220-3 epoxy matrix i n  combination with AS4 
fibers exhib i ted  super ior  performance' i n  compression tests a f t e r  20 f t - l b  
impact and performed w e l l  i n  both notched tension and notched compression 
tests. 
58 percent  g rea t e r  than the baseline AS4/3502. 
. 
Compression s t ra in-- to-fai lure  of AS4/2220-3 a f t e r  20 f t - l b  impact w a s  
3. Resistance to  delamination, as measured by edge delamination tests,  
did no t  correlate with resistance to impact damage. Materials exh ib i t i ng  t h e  
h i g h e s t  r e s i s t ance  t o  delamination ( in te r laminar  f r a c t u r e  toughness energy 1 
a c t u a l l y  exhib i ted  comparatively l aw compression f a i l u r e  s t r a i n  a f t e r  i m p a c t .  
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(a) CHS/1504 tension t e s t  results 
I I I 
Specimen 
d e n t i f i c a t i o n  
1 
1 
211-10 
-1 2 
Average 
~~ 
Thickness, 
i n .  
Resin content,: 35.9% 
Hole , Failure 
in. kips  
Width, 
i n .  
diameter, load, s t r a i n ,  
pin. / i n .  
6768 
8398 
7583 
-
Failure 
stress, 
k s i  
Modulus 
m s  i 
6.74 
7.19 
6.965 
1.955 
2.003 
0.271 
.268 
0.250 24.14 
.250 31.95 
Width, 
i n  . 
2.006 
2 009 
45.63 
Hole Fai lure 
i n  . kips  
0.250 31.'71 
.250 31.56 
diameter, load, 
59 . 50 
52.57 
(b) CHS/5245 tension test r e s u l t s  
Specimen 
.dent i f  i c a t i o n  
~ ~~ 
248-4 
-5 
-6 
Average 
Thickness 
i n .  
0.258 
260 
.255 
I 
Resin content: 31 . 3% 
.61.42 
60.47 8000 -
61.05 I 8300 
Modulus, 
mi 
7.42 
6 .92  
7.50 
7.28 
-
9 
TABLE 3.- Continued 
Specimen 
i d e n t i f i c a t i o n  
ST3- 2D- 1 
-2 
-3 
Average 
( c )  AS6/5245C t e n s i o n  t es t  r e s u l t s  
r I 
F a i l u r e  F a i l u r e  F a i l u r e  Modulus, Thickness,  Width, 
diameter, load, stress, s t r a i n ,  
k s i  pin./ in.  m s  i i n .  k i p s  
0,284 1.998 0.250 37.97 66.92 8550 
. 282 1.994 .250 35.07 62.37 8230 
8300 . 285 1.995 250 38.24 67.26 
65.52 8360 
i n .  i n  . 
-
Specimen 
i d e n t i f i c a t i o n  
ST3-1 D-1 
-2 
-3 
( d )  AS6/2220-3 t e n s i o n  test  r e s u l t s  
H o l e  F a i l u r e  F a i l u r e  F a i l u r e  Modulus ,  Thickness,  Width, 
diameter, load, stress, s t r a i n ,  
i n .  i n .  i n .  k ips  * k s i  pin./ in.  m s  i 
0.297 1.996 0.250 32.26 54.42 7340 
.295 1.998 -250 30.97 52.54 7140 
7400 -.299 1 0998 250 32.25 53.98 
10 
TABLE 3.- Continued 
(e) AS4/5245 t e n s i o n  test  r e s u l t s  
Resin con ten t :  34% 
Specimen 
i d e n t i f i c a t i o n  
Thickness,  
i n .  
Width, 
i n .  
Hole 
diameter, 
i n .  
?ai l u r e  
load, 
k i p s  
Modulus , 
m i  
F a i l u r e  
s t r a i n ,  
pin. / in .  
7400 I 
7540 
7350 
7700 
7500 
F a i l u r e  
stress , 
ks i 
~ 
0.268 
266 
. 268 
266 
2.001 
2.002 
2.002 
2.001 
0.2494 
2492 
.2490 
.2499 
31.51 
32.04 
31.34 
31 -73 
ST3 - 3D- 1 
-2 
-3 
-4 
Average 
58.76 
60.1 6 
58. 41 
59.61 
59.24 
I 
(f) AS4/2220-3 t e n s i o n  tes t  r e s u l t s  
Resin con ten t :  34% 
1 
thickness  , 
i n .  
Width, 
i n .  
?ai l u r e  
load, 
k i p s  
F a i l u r e  
stress , 
ks i 
Modulus , 
s t r a i n ,  
pin. / in.  
Hole 
i i  ame ter , 
i n .  
Specimen 
i d e n t i f i c a t i o n  
~ ~~ 
P1-20 
-21 
- 22 
Average 
~~ 
0.295 
.292 
. 295 
2.00 
2.00 
2.00 
0.251 
. 251 
.251 
31.0 
31.3 
30.7 
52.4 
52.9 
51.9 - 
52.4 
7900 6.7 
6.7 7750 
7820 
-
11 
1.996 
1.997 
1.999 
0.250 
.250 
a250 : 
Width, 
in .  
Ho le 
diameter, 
in .  
F a i l u r e  
load, 
k i p s  
F a i l u r e  
stress, 
k s i  
1.900 
1.950 
0.250 
250 
2.009 250 15.26 57.76 
59.77 
TABLE 3.- Continued 
.. ., 
(9) AS4/2220-1 t e n s i o n  test  r e s u l t s  
Res in  c o n t e n t :  34.3% 
Specimen 
i d e n t i f i c a t i o n  
Thickness , 
i n .  
F a i l u r e  
load, 
k i p s  
Fai l u r e  
stress, 
k s i  
Fai l u r e  
s t r a i n ,  
pin. / in .  
Modulus, 
m i  
Width, 
diame ter , 
12-1 
-1 
-3 
Average 
0.2592 
. 2570 
2 564 
25.81 
24.93 
25.28 
49.59 6778 7.36 
7.50 6474 
691 8 
6723 
48.57 
49.34 
49 27 
7.1 3 
7.33 
(h )  CHS/2566 t e n s i o n  test r e s u l t s  
Resin c o n t b n t :  30.0% 
F a i l u r e  
s t r a i n ,  
pin. / in.  
~ 
Modulus , 
m i  i d e n t i f i c a t i o n  
ST 3-1 
-2 
-3 
Ave r age  
0.132 
01 35 
0131 
15.05 60.01 
16.20 61.53 I 
TABLE 3. - Continued 
Resin con ten t :  36.33% 
Fai  l u r e  F a i l u r e  F a i l u r e  Modulus, Specimen Thickness ,  Width, 
d i ame te r ,  load, stress, s t r a i n ,  
m s  i i n .  k ips  k s i  pin. / in .  i d e n t  i i i ca ti on i n .  i n .  
13-1 0.2978 2.000 0.250 28.84 48.42 6647 7.28 
-2 .3065 2.000 .250 28.74 46.89 6530 7.18 
-3 .3065 2.000 .250 29.39 47.94 631 3 7.59 
Average 47.75 6496 7.35 
, 
(i) C/982 t e n s i o n  t e s t  r e s u l t s  
Specimen 
i d e n t i f i c a t i o n  
'Thickness, Width, 
diameter, 
i n .  i n .  i n .  
(j ) T300/914 t e n s i o n  test r e s u l t s  
ST 3-1 
-2 
-3 
Average 
Resin c o n t e n t :  29.5% I 
0.238 2.000 0.250 
.248 2.003 .250 
.248 2.000 .250 
19.75 
24.00 
21 - 5 0  
41.492 5730 7.6 
48.290 6750 7.5 
43.347 5910 7.3 
44.376 6130 7.47 
l oad ,  stress, s t r a i n ,  
k i p s  
13 
TABLE 3.- Concluded 
Specimen 
i de n t i € i ca ti on 
( k )  AS4/3502 t e n s i o n  test r e s u l t s  
Thickness ,  Width , 
i n .  i n .  
Resin c o n t e n t :  35% 
15-7 
15-5 
16-5 
Average 
0 . 2 6 5  2.007 
.258  2.005 
. 262  2.005 
0.277 
.254 
.253  
F a i l u r e  
k i p s  
31 .43  
32 .28  
32 .79  
F a i l u r e  
stress, 
ks i 
59 .20  
6 2 . 4 4  
62 .41  
61 .35  
F a i l u r e  
s t r a i n ,  
p i  n . /i n 
6 2 2 0  
6 0 2 8  
5 8 6 6  
6 0 3 8  
Modulus , 
ms i 
9 . 7 2  
1 0 . 3 3  
10 .28  
14 
TABLE 4.- STANDARD TEST-4: OPEN HOLE COMPRESSION 
rhickness, 
i n .  
0.271 
.271 
.269 
( a )  CHS/1504 compression test r e s u l t s  
Width, 
i n .  
5.000 
5.002 
5.001 
Specimen 
i d e n t i f i c a t i o n  
-33.97 
I 
210-3 
-4 
-5 
Average -5342 
Specimen 
i d e n t i f i c a t i o n  
Resin content :  33.7% 
Thickness,  
i n .  
F a i l u r e  
. k i p s  
5.000 
4.999 
5.000 
-47.56 
1*0° 1 
1 .oo -45.89 
1 .oo -51 -86  
1 .oo -44.17 
1 .oo -44.61 
1 .oo -44.34 
-34.85 
-39.13 
-33.16 
-35.71 
-5292 6.64 
-5800 6.58 
-5154 6.55 
-5415 6.59 
(b) CHS/5245 compression test  r e s u l t s  
!ompress i or 
modulus, 
m s  i 
6.46 
6.69 
6.32 
6.49 
243-3 
-4 
-5 
Average 
0.263 
.265 
266 
Resin conten t :  33.0% 
F a i l u r e  
k i p s  
modulus, 
m s  i 
1 5  
TABLE 4.- Continued 
F a i  l u r e  
load, 
k i p s  
-47.0 
-45 .O 
-46.6 
( c )  AS6/5245C compression t e s t  r e s u l t s  
F a i l u r e  
stress, 
k s i  
-32.9 
-32.2 
-33.1 
Specimen 
i d e n t i f i c a t i o n  
ST4- 2D- 1 
Hole 
diameter, 
i n .  
L Average 
Fa i  l u r e  F a i l u r e  
load, stress, 
k i p s  k s i  
Chickness, 
i n .  
0.286 
.280 
.282 
1.001 
1.008 
1.002 
Resin content :  34% 
-48.4 -32.5 
-50.7 -34.5 
-47.9 -32.0 
-33.0 
Width, 
i n .  
4.995 
4.994 
4.994 
Hole 
1% ame t e r , 
i n .  
0.998 
1 .ooo 
.996 
-32.7 I 
( d )  AS6/2220-3 compression t es t  r e s u l t s  
F a i l u r e  
s t r a i n ,  
pin. / i n .  
-5050 
-4808 
-4963 
-4940 
:ompres s i o r  
modulus, 
m s  i 
Specimen 
i d e n t i f i c a t i o n  
ST4-1 D-1 
Average 
f i i ckness ,  
i n .  
0.298 
.294 
.300 
Resin conten t :  34% 
Width, 
i n .  
4.995 
4.996 
4.993 
F a i l u r e  
s t r a i n ,  
p i  n . /i n . 
-5038 
-5326 
-4988 
-51 17 
Zompression 
modulus , 
I 
ORlGtNAL PAGE 
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rhickness ,  
i n .  
Width, 
i n .  
F a i l u r e  
load, 
k ips  
E 
F a i l u r e  F a i l u r e  Compression 
stress, s t r a i n ,  modulus , 
k s i  pin. / in .  m s  i 
-52.4 
-56.2 
-51 - 1  
-39.4 -6780 
-42.1 -7300 
-38.6 - 
-40.0 -7040 
TABLE 4.- Continued 
(e )  AS4/5245 compression tes t  r e s u l t s  
R e s i n  con ten t :  34.0% I 
Hole 
iiameter, 
i n .  
Specimen 
i d e n  ti f ica ti on 
I I I 
ST4-3D-1 I 0.266 
.267 
.265 
5.000 
5.000 
5.000 
1.017 
1.007 
1 .ooo L Average 
I I I I 
(f) AS4/2220-3 compression test r e s u l t s  
Resin con ten t :  34% 
Specimen Thickness  
i n .  
Width, 
i n .  
F a i l u r e  
load, 
k i p s  
2ompression 
modulus, 
m s  i 
F a i l u r e  
s t r a i n ,  
pin.  / i n .  
- 5880 
F a i l u r e  
3 tress, 
k s i  
-35.9 
-38.2 
-33.0 
-35.7 
Hole 
i i  ame te  r , 
i n .  
1 .ooo 
i d e n t i f i c a t i o n  
P1-1 
-2 
-3 
Average 
0.294 4 999 
4.995 
4.994 
-53.1 
-56.5 
-48.8 
6.7 
6.4 
6.7 
6.6 
- 
.289 
.294 
1.001 -61 50 
1 .ooo -5250 
- 5760 
17 
TABLE 4.- Continued 
Hole 
diameter, 
i n .  
Width , 
i n .  
5.031 1.000 
5.039 1.000 
5.042 1.000 
(9) AS4/2220-1 compression test  r e s u l t s  
F a i l u r e  F a i l u r e  F a i l u r e  
load, stress, s t r a i n ,  
k i p s  k s i  pin./in. 
-55.00 -38.91 -6100 
-54.20 -38.69 -5837 
-55.00 -38.91 -5852 
-38.84 -5930 
I Resin content :  34.32% 
(h) CHS/2566 compression test r e s u l t s  
Specimen Thickness , 
i d e n t i f i c a t i o n  
Resin conten t :  30.0% 
Compression 
modulus , 
m s  i 
18 
-42.50 
-46.70 
-43.50 
-34.95 -5100 
-37.37 -5900 
-35.18 -5200 
-35.83 -5401 
TABLE 4.- Cont-inued 
.- ~ ~ - 
( i )  C/982 compression test r e s u l t s  
Resin content:  36.33% 
Specimen 
i d e n t i f i c a t i o n  
~ 
Thickness, 
i n .  
Compression 
modulus , 
m s  i 
Failure 
s t r a i n ,  
pin. / in.  
Width, 
i n .  k i p s  
2-2-1 3B 
2-3-1 3A 
2-3-1 3B 
Average 
0.303 
.307 
.306 
5.001 
5.000 
5.000 
1.000 
.998 
0999 
-4750 
-4950 
-5180 
6.34 
6.43 
6.21 
-44.13 -29.12 
-46 09 -30 03 
-49.16 -32.13 
6.33 - 4960 -30.42 
(j 1 T300p14 compression test results 
IR e s i n  content:  29 . 5% 
f i i ckness  , 
i n .  
Width, 
i n .  
H o l e  
liameter, 
i n .  
Compress i or 
modulus, 
m s  i 
Specimen 
i d e n t i f i c a t i o n  k i p s  
0.2432 
.2499 
.2473 
5.000 
5.000 
5 .OOO 
1 .ooo 
1 .ooo 
1 .ooo 
6.85 
6.33 
6.77 - 
6.65 
ST- 4A 
- 4B 
-4c 
Average 
I .  
19 
TABLE 4.- Concluded 
(k) AS4/3502 compression test r e s u l t s  
Resin content :  35.1 % 
Specimen 
.dent  i f i ca ti on 
15-4B 
16-1A 
16-1B 
Average 
Chickness, 
i n .  
0.263 
.274 
.274 
Width , 
i n .  
5.003 
5.002 
5.001 
Hole 
iiame ter , 
i n .  
0.999 
.993 
.998 
F a i l u r e  
load , 
k i p s  
-51 a44 
-48 80 
-52 69 
?ai l u r e  
s t r e s s  , 
k s i  
-39.07 
-35 56 
-38.44 
-37.69 
'ai l u r e  
s t r a i n ,  
Lin./in. 
-4594 
-4304 
-4899 
-4599 
:ompression 
modulus, 
m s  i 
8.35 
8.16 
7.66 
20 
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TABLE 6.- Continued 
4150 
4270 
(c)  AS6/5245C edge delaminat ion tes t  r e s u l t s  
4000 
4170 
-- 
Laminate o r i e n t a t i o n  ( f35/0/90 1 
Y 
1 content :  34% R e s  
q id th ,  
i n .  
Pensi le  
nodulus, 
ms i  
:n t e  r laminar 
f r a c t u r e  
toughness,  
D e  lamina ti on 
onse t  s t r a i n ,  
uin. / in .  
F a i l u r e  
s t r a i n ,  
pin. / in .  
Specimen 
iden ti f i ca ti on 
Thickness, 
i n .  in.  -1b 
Gc' 7 
;OO( 4000 14 400 
15 750 
0.75' 
.79 
.80 
.97 
ST2- 2F- 1 
-2 
-3 
-4 
-5 
Average 
0.061 
.061 
.059 
.061 
.061 
1 .SO0 
1.500 
1.497 
1.499 
1.497 
9.29 
8.35 
8.43 
8.11 
9.06 
8.65 
41 00 4240 
4300 4200 
4540 I 4540 
.75 
0.81 
Laminate o r i e n t a t i o n  (*30/*30/90/=) 
R e s i n  content :  34% 
Delamination 
onse t  s t r a i n ,  
pin. / in .  
h t e r l a m i n a r  
f r a c t u r e  
toughness, 
Tens i le  
modulus , 
m s  i 
Secant  
modulus, 
ms i  
Phickness, 
i n .  
Width, 
in .  
Specimen 
i d e n t i f i c a t i o n  
ST2-2E-1 
-2 
-3 
-4 
-5 
in.  -1b 
Gc' i n .  2 ( a )  (b )  
1.27 
1.29 
85 
.92 
1.03 
0.079 
.078 
.079 
.080 
.079 
1.494 
1.493 
1.497 
1.493 
1.495 
3650 
3760 
2900 
3000 
3550 
3600 
2900 
3000 
3200 
3250 
7.72 
7.36' 
7.68 
7.46 
7.85 
7.61 1.07 3330 1 Aver age 
a s t r a i n  a t  first dev ia t ion  from l i n e a r  s t r e s s - s t r a i n  curve-  
bS t ra in  a t  f irst  v i s i b l e  delamination. 
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TABLE 6. - Continued ’ 
Width, 
( d )  AS6/2220-3 edge delaminat ion test  r e su l t s  
Laminate o r i e n t a t i o n  (f35/0/90), 
R e s i n  conten t :  35% 
D e  lamina t i o n  
onse t  s t r a in ,  
pin. / in .  
r ens i  l e  
modulus, 
I n t e r  laminar 
f r a c t u r e  
toughness,  
1.499 
1.499 
1 e499 
3500 
4400 
5400 
I 
Fai lure  
s t r a i n ,  
pin. /in. 
Specimen 
i d e n t i f  icatioi 
Thickness,  
i n .  ms i  in .  -1b 
ST2- 1 F- 1 
-2 
-3 
-4 
Average 
0.062 
.063 
.062 
.062 
3400 
41 00 
4250 
3970 
1 2  500 
13 300 
0.64 9.68 
8.66 
8.18 
8.61 . 
8.78 I 
.94 
1 .oo 
1.498 3970 I -  I 4320 
.87 - .  
3930 0.86 
Laminate o r i e n t a t i o n  (f30/&30/90/=) I S 
i content :  3 R e s  
Width, 
i n .  
D e  lamina t i o n  
onse t  s t r a i n ,  
pin. / in .  
Cn ter l a m i  n a r  
f r a c t u r e  
toughness,  
r ens i  l e  
nodulus , 
m s  i 
Secant  
modulus , 
msi  
Thickness 
in .  
Specimen 
i d e n t i f  i ca t i  in .  -1b 
Gc, in.2 
0.083 
.084 
083 
.084 
.084 
1.495 
1.495 
1.496 
1.496 
1.495 
3050 
3250 
3050 
3650 
3250 
2750 
31 00 
7.25 
6.83 
7.03 
6.94 
6.12 
0.92 
1.19 
1.13 
1.64 
1.19 
ST2-1 E-1 I 
-2 
-3 
-4 
-5 
Average 
3050 
3650 
31 00 
3250 I 3130 1.21 .’ .6 8 3 
a s t r a i n  a t  f i r s t  dev ia t ion  from l i n e a r  s t r e s s - s t r a i n  curve. 
bS t ra in  a t  f i r s t  v i s i b l e  delamination. 
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TABLE 6.- Continued 
Specimen 
i d e n t i f i c a t i o n  
2- 1 
2-2 
2-3 
2-4 
2-5 
Average 
(e)  AS4/2220-3 edge delaminat ion tes t  r e s u l t s  
Thickness 
in .  
0.081 5 
,0819 
.0822 
.0820 
.0819 
Specimen 
.dent i f  i c a t i o n  
( a )  
3800 
3800 
3000 
3600 
2200 
3280 
1-1 
1-2 
1-3 
1-4 
1-5 
Average 
( b )  
Laminate o r i e n t a t i o n  ( f35/0/90)s 
Resin conten t :  34% 
I 4080 I I I 0.58 
Laminate o r i e n t a t i o n  (*30/&30/9O/m) 
Resin conten t :  34% 
Width , 
i n .  
1.509 
1.507 
1.507 
1.506 
1.505 
D e  lamina t i o n  
onse t  s t r a i n ,  
pin. / in .  
Pensi le  
nodu l u s  
m s  i 
6.69 
5.89 
7 ..23 
6.71 ' 
7.69 
Secant  
rnodu l u  s 
m s  i 
a s t r a i n  a t  f i r s t  dev ia t ion  from l i n e a r  s t r e s s - s t r a i n  curve. 
bS t r a in  a t  f i r s t  v i s i b l e  delamination. 
34 
Lnterlaminar 
f r a c t u r e  
toughness,  
in .  -1b 
Gc, 7 I 
1.09 I 
1.09 
68  
.98 
.36 
0.84 
TABLE 6.- Continued 
Thickness , Width, 
( f  1 AS4/2220-1 edge delaminat ion test  r e s u l t s  
Delamination 
o n s e t  s t r a i n ,  Tens i l e  
pin. / in .  modulus , 
Laminate o r i e n t a t i o n  (f35/0/90), " 
i% Resin content :  29, 
D e  lamina t i o n  
o n s e t  s t r a i n ,  
pin. / in .  
tn ter laminar 
f r a c t u r e  
toughness , 
Fa i lu re  
s t r a i n ,  
pin. / in.  
Tens i le  
modu l u  s , 
m s  i 
Chickness, 
in .  
Width, 
i n .  
Specimen 
tden ti f ica t i o n  
40-1 
-2 
-3 
-4 
-5 
Average 
in.  -1b 
Gc, in.2 ( b )  
0.043 
.044 
.044 
.045 
.044 
1,498 
1.497 
1.497 
1 e497 
1 ,496 
8.94 
8.76 
8.70 
1.308 6060 
6080 
5508 
6000 
5370 
5804 
1.348 
1 . lo6  
1.342 13 040 
12 225 
8.53 
8.99 1 .OS1 
1.231 
I n t e r  laminar 
f r a c t u r e  
toughness , 
Secant  
nodulus , Specimen 
tdent i f  i c a t i o n  in .  i n .  
1 .504 
1.504 
1.502 
1.504 
1.503 
m s  i 
(b )  
7.28 
7.46 
7.36 
7.48 
7.41 
in .  -1b m s  i 
2 ( a )  
4675 
51 40 
5075 
4526 
51 70 
491 7 
0.058 
.058 
7.11 
7.07 
7.24 
7.16 
7.18 
1.732 
2.094 
. .  . 
39-1 
-2 
-3 
-4 
-5 
Average 
.059 
.058 
.059 
2.077 
1,624 
2.155 
1.935 
" 
% t r a i n  a t  f i r s t  devia t ion  from l i n e a r  s t r e s s - s t r a i n  curve.  
' bS t r a in  a t  f i r s t  v i s i b l e  delamination. 
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TABLE 6.- Continued 
(9) T300/914 edge de laminat ion  test  r e s u l t s ,  p l y  t h i c k n e s s  = 0.010 i n .  
k i c k n e s s ,  
i n .  
0.0700 
.0712 
.0708 
.0699 
.0706 
Laminate o r i e n t a t i o n  (f35/0/90) 
Resin c o n t e n t :  29.5% 
Width, 
i n .  
1.5374 
1.5331 
1.5337 
1.5365 
1.5340 
Thickness ,  
D e  l amina t ion  
o n s e t  s t r a i n ,  
Width, pin. / in .  
i n .  
0.1082 
.1133 
.lo42 
.1140 
i n .  
( a )  (b )  
1.5043 2630 
1.5042 2500 
1.4917 3000 
1.4956 2750 
7.45 
7.25 
7.51 
0.949 
.898 
1.190 
.1103 1 .SO12 2840 
2744 
-
Delaminat ion 
o n s e t  s t r a i n ,  
pin. / in .  
I n t e r  laminar  
f r a c t u r e  
toughness  , 
?ai l u r e  
i t r a i n ,  
l in .  / i n .  
Tens i l e  
rnodu l u  s , 
m s  i 
Specimen 
iden ti f ica ti on in .  -1b 
Gc, 7 (b)  
8250 
6000 
6750 
7000 
7000 
8.80 
9.03 
9.37 
8.87 
8.62 
ST- 2F 
- 2G 
- 2H 
- 21  
-25 
Average 
3060 
31 30 
3060 
3060 
3000 
0.496 
527 
.501 
. .495 
.480 
0.500 3062 
Laminate o r i e n t a t i o n  (*30/*30/90/%) s Res in  con ten t :  29.5% 
I n t e r l a m i n a r  
f r a c t u r e  
toughness ,  
’ e n s i l e  
iodulus,  
S e c a n t  
modu lus , Specimen 
i d e n t i f i c a t i o n  i n .  -1b 
2 i n .  
m s i  
ST- 2A 
- 2B 
- 2c 
- 2D 1.090 
1.130 
7.44 
7.64 - 2E 
Average 1.050 
a s t r a i n  a t  f i rs t  d e v i a t i o n  f r o m  l i n e a r  s t r e s s - s t r a i n  curve .  
b S t r a i n  a t  f i rs t  v i s i b l e  de laminat ion .  
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TABLE 6.- Continued 
(h) T300/914 edge delamination tes t  r e s u l t s ,  p l y  th i ckness  = 0.005 i n  
1 
Laminate o r i e n t a t i o n  (f35/0/90)s 
Resin con ten t :  30% 
I 
I 
Specimen 
i d e n t i f i c a t i o n  
Thickness,  
i n .  
D e  lamina t i o n  
o n s e t  s t r a i n ,  Tens i l e  
pin. / in .  1 moglt,, , Secant  modulus , 
ms i 
D e  lamina t i o n  
o n s e t  s t r a i n ,  
pin. / in .  
Cnterlaminar 
f r a c t u r e  
toughness , 
Fai lure  
3 t r a i n  , 
pin./in. 
Tens i le  
modu l u  s , 
m s  i 
mickness  , 
in .  
Width , 
i n  , 
Specimen 
i d e n t i f i c a t i o n  
ST25-6 
-7 
-8 
-9 
-1 0 
Average 
in.  -1b 
Gc' in,2 (b) 
0.0424 
.0449 
.0450 
.0451 
.0443 
1.512 
1.509 
1,514 
1.509 
1.503 
1.35 
1.30 
1.58 
1.35 
1.64 
1.44 
6500 
6200 
6825 
6300 
7000 
6565 
9 125 
7 500 
11 250 
9 750 
9 750 
9 475 
9.14 
8.86 
8.92 
8.82 
8.88 
8.92 
Lamin  .te o r i e n t a t i o n  (f30/f30/90/=) 
Resin conten t :  30% 
Cnter laminar  
f r a c t u r e  
toughness , Width , 
in .  in .  -1b 
Gc' 7 (a)  
2.77 
2.01 
2.12 
1.97 
2.04 
ST2 5- 1 
-2 
-3 
-4 
-5 
Average 
0.0633 
.0633 
.OS80 
.0623 
-061 3 
1.509 
1.507 
1.510 
1.512 
1.511 
5875 
5000 
5375 
5000 
51 25 
5275 2.18 
a s t r a i n  a t  f i r s t  dev ia t ion  from l i n e a r  s t r e s s - s t r a i n  curve.  
bS t r a in  a t  f i r s t  visible delamination. 
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TABLE 6.- Concluded 
(i) AS4/3502 edge de lamina t ion  test  r e s u l t s  
Laminate o r i e n t a t i o n  (*35/0/90), 
Resin c o n t e n t :  27.1 % 
~ 
Delaminat ion  
o n s e t  s t r a i n ,  
pin. / i n .  
I n t e r l a m i n a r  
f r a c t u r e  
toughness  , 
F a i l u r e  
s t r a i n ,  
uin.  / in .  
Pens i l e  
nodulus , 
m s  i 
Specimen 
i d e n t i f i c a t i o n  
Thickness  , 
i n .  
W i d t h ,  
i n .  in .  -1b 
2 Gc' i n .  (b) 
1 .SO6 
1 .SO3 
1 .SO6 
1.506 
1 .SO6 
20-1 
-2 
-3 
-4 
- 1  1 
Average 
0.040 
.039 
.039 
.039 
.040 
0.55 
.81 
.78 
.67 
.65 
0.69 
9.94 
10.30 
10.22 
10.10 
9.97 
10.11 
4550 
4980 
5000 
481 0 
4900 
4848 
5539 
5542 
5 304 
481 0 
5000 
5239 
11 690 
11 010 
11 350 
S 
Laminate o r i e n t a t i o n  (*30/*30/90/=) 
Res in  con ten t :  27.8% 
Delaminat ion  
o n s e t  s t r a i n ,  
pin.  / i n .  
I n t e r  laminar  
f r a c t u r e  
toughness  , 
T e n s i l e  
nodulus , 
m s  i 
S e c a n t  
nodulus , 
ms i 
Width, 
i n .  
Specimen 
i d e n  t i f i ca ti on 
m i c k n e s s  
in .  in .  -1b 
2 Gcr  i n .  ( a  1 (b) 
0.58 19-1 
-2 
-3 
-4 
-5 
Average 
0.054 
e054 
.OS4 
.055 
.OS4 
1.511 
1.511 
1.511 
1.510 
1.510 
8.40 
8.30 
8.19 
8.54 
8.40 
8.37 
2940 
2970 
31 40 
2730 
3095 
2975 
3400 
3250 
3 240 
3168 
3095 
3231 
.57 
61 
.54 
.64 
0.59 
a s t r a i n  a t  f i r s t  d e v i a t i o n  from l i n e a r  s t r e s s - s t r a i n  cu rve ,  
bS t r a i n  a t  f irs  t v i s  i ble de lamina t ion .  
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